Ultrathin epitaxial films grown in UHV -Fe(ll0) on A u ( l l 1 ) and Ag(lll), Co(OOO1) on A u ( l l 1 ) -, sputtered Fe films between Ag and sputtered Fe/Au multilayers were studied by SQUID magnetometry and Mossbauer spectroscopy (CEMS). It could be shown that the magnetic anisotropy relative t o the film normal, the, ground state magnetic moment per Fe atom and thermal spin excitations are affected by the structure of the films. In particular, a more 3-dimensional growth mode in the early state of film formation which is observed except in a certain temperature range around 300 K reduces the apparent magnetic interface anisotropy and the ferromagnetic ground state moment, and i t enhances the thermal spin fluctuations and the tendency for superparamagnetic relaxation in the thinnest films.
1,INTRODUCTION
Ultrathin magnetic films and multilayers show a number of peculiar phenomena like magnetic anisotropies with perpendicular easy axis, enhanced ground state magnetic moments or giant magnetoresistance in double and multilayer films with antiferromagnetic interlayer coupling.
Comparing results for different film systems from the literature i t becomes apparent that the magnetic properties not only depend on the film material and crystallographic orientation of substrate and film but also on subtle details of the preparation conditions. This must be concluded, e.g., from the contradictory results for the magnetic anisotropy in ultrathin Fe(100) films on Ag(100) [1, 2, 3] .
In this contribution an attempt is made to relate some magnetic properties of ultratliin films, namely i) magnetic interface anisotropy, ii) ground state magnetic moments, iii) thermal spin excitations t o the structural aspects of the films.
2.EXPERIMENT
Ultrathin Fe(ll0) and Co(0001) films were grown by molecular beam epitaxy in UI-IV (11 5 5 -10-lOmbar), Au or Ag films grown on fused quartz w i t h a strong (111) texture were used a5 substrates. A part of the Fe films were prepared using material highly enriched in 57Fe ( 2 95%) in order to allow M k b a u e r measurements on single films down to the monolayer range. In addition, single Fe films between Ag and Fe/Au multilayer films were prepared by rf sputtering.
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Res. Soo, Symp. ProE. Vol, 232. a1991 Materlals Research Soclely A series of different methods -AES, X-ray fluorescence analysis (XFA), TEM, STM, RHEED, conversion electron Mossbauer spectroscopy (CEMS) -were used to characterize the structure of the films. Of particular importance is the precise determination of film thickness. Using secondary target XFA with energy dispersive X-ray detection a total error below 2 % of a monolayer Fe could be obtained [16] .
Tile magnetic moment o f the samples was determined usiiig a SQUID magnetometer (4K 5 T _<4OOK; -5T5 I! 5 57') with a sensitivity corresponding to .01 ML of bulk wFe.
Mossbauer spectra (CEMS) o f Fe films measured in the temperature range between 80 K and 300 K with a cryogenic proportional counter were also used t o study the magnetic behaviour.
3.RESULTS AND DISCUSSION
The magnetic moment of the samples as measured by the SQUID magnetometer in a wide range o f fields and temperatures is the basic quantity from which the magnetic anisotropy, the ground state moments and the thermal spin excitations are derived.
Magnetic interface anisotropy
Magnetic surface and interface anisotropies (MSA) have been observed for many different 3d ferromagnets. They constitute one of the key properties for potential technical applications o f magnetic ultrathin films and multilayers e.g. in Co/Pt multilayered films. Their existence was postulated long ago by N6el 141, but only recently first principles theories o f MSA have become available by advanced ab initio band calculations including spin-orbit interaction [5, 6, 7] . The most recent results 171 predict an Fe(100) monolayer on one atomic layer of Au, Ag or Pd to have their easy axis of magnetization perpendicular to the film plane. The uncertainty of the calculated anisotropy energies, however, i s still very high ('at least 40 %' [7] ); therefore, only a qualitative comparison t o experimental data is possible at the moment, On a phenomenological basis different possible mechanisms have been discussed which may give rise to an interface related magnetic anisotropy [8].
In fig. 1 typical magnetization curves, M ( U ) , for ultrathin Fe(ll0) films epitaxially grown on Au(ll1) are shown (after subtraction of the substrate moment) with the field applied parallel ( 11) and perpendicular (I) to the film plane. We observe that the easy axis of magnetization changes from in plane for thicker films ( fig. l a ) t o perpendicular for films thinner than a critical thickness of &,it N" 3 ML. For a quantitative discussion we identify the saturation field in the hard axis with the effective anisotropy field, I @ , relative to the film normal. We assume the effective anisotropy of a film to consist of the shape anisotropy with an anisotropy field of 4rhfs, a volume term 111; and t h e interface contribution according to where 11;) denotes the anisotropy field corresponding t o both interfaces of the ferromagnetic film. Here we have adopted the convention that positive I@ means t h a t the easy axis o f magnetitation lies in the film plane, negative values correspond to a resulting perpendicular easy axis. 
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Alternatively, the dependence o f the interface anisotropy field, Ils, on t h e growth temperature, Ts, could be explained by a stronger interdiffusion at higher temperature. However, In a similar way, a perpendicular easy axis of magnetization was found in Co(OOO1) films on Au(ll1) below a critical thickness of lc,it = 6 M L [lo] . Magnetic properties of these films have been discussed elsewhere 1111. In particular, pronounced magnetic after effects were found 1121 and interpreted in terms of wall relaxation. Only recently, domain walls and wall motion were observed in these samples by magneto-optic techniques 1131. This constitutes the first verification of magnetic domain formation in films consisting of o d y a few monalayers in the case o f a perpendicular easy axis of magnetization.
Ground state mannetic moments
Interest in the magnetic moment per atom as a fundamental quantity of ultrathin transition metal films was stimulated in recent years by ab-initio band calculations [14, 15] which predicted a significant enhancement of atomic moments at most surfaces and interfaces of 3d metals. Besides the basic interest in two-dimensional magnetic systems and t h e importance for the interpretation of many experiments in surface magnetism the possibility of producing magnetic materials with a magnetization higher than in bulk Fe would be of great technological interest.
Only few attempts have been made t o experimentally check the predictions o f enhanced magnetic moments in a direct way. Experiments with spin polarized electrons, neutrons or ions are very useful to study magnetic order at surfaces but they cannot provide reliable absolute values o f magnetic moments up to now, The determination of the magnetic ground state moment per atom in our experiment is described in the following. By extrapolating t h e saturated part of the magnetization curves along the easy axis back t o If = 0 we obtain the spontaneous magnetic moment, ms, of the film. The average atomic moment < /ire >, results from dividing ms by the total number of Fe atoms, N F~. The latter is determined by XFA as described above. An absolute error of N F~ as low as 2% o f a rnonolayer was obtained. The total error o f the atomic moment therefore was between 3% and 5%.
Next, tlie spontaneous atomic moment, < p~~ > is plotted as a function of temperature ( fig. 3) . For all films the data can well be fitted with a T3I2 law. This is discussed in the next section. By extrapolation to 1' = 0 we get the average ground state moment < /~F~( T = 0) >=< / t~~ >O for a film thickness range between .6 ML to more than 100 ML.
These values are plotted in fig.4 as a function of the number o f Fe atomic layers, N .
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l-(I0 It is remarkable t o note that the largest enhancement of (24&5)% found for a monolayer film remains constant down to the smallest thickness of -.5ML where we still observe ferromagnetic order a t low temperature. This means that the thinnest films consist of flat monolayer patches large enough t o establish a stable ferromagnetic order for the given temperature.
The ground state moments resulting from this procedure depend on the microstructure o f the films. Those films which grow in a mainly 3-dimensional mode at elevated temperature as discussed above undergo a strong superparamagnetic relaxation. This is clearly seen from their Mossbauer spectra. In these cases the resulting ground state moments never exceed the bulk value. The same observation is made on Fe films prepared by rf-sputtering between Ag. Here the atomic moments decrease sharply below 5 ML and vanish a t -1.4 ML. 
Thermal spin excitations
The data in fig.3 have shown t h a t t h e spontaneous magnetization follows a T3/' law according t o From the f i t using expression (3) we obtain the spin wave parameter B (in addition to the ground state moment discussed in the previous section). B strongly increases with decreasing film thickness from the bulk value of 5 .
In addition, the sample magnetization was measured in a constant applied field as a function o f temperature (starting with t h e highest temperature). Results are shown in fig.5 for a 1 ML F e ( l l 0 ) film. It is interesting t o note that the perpendicular remanent magnetization, M R , vanishes at a temperature considerably lower than the Curie temperature Tc x 220 K. The spin wave parameter, 13, is estimated from the M(T)-curves ( fig. 5 ) with the smallest field values (ZI = 50 Oe, 100 Oe) in the temperature range between 10 K and 120 K for comparison.
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Mossbauer spectra of different films were measured at various temperatures. Fig. 6 shows the CEMS spectrum of a 2ML Fe(ll0) film between A u ( l l 1 ) . From the intensity ratio of the first and second line it can be seen that the spin orientation is nearly perpendicular to the film plane if t h e geometry of t h e experiment and the finite solid angle of t h e y a y s are taken into account. From computer fits to the spectra we obtain the hyperfine field, IIef, in a temperature range between 80 K and 300 K. If,,r(Z') is plotted versus 2'3/2 in fig. 7 . The values clearly are fitted by a straight line; this means that a relation analogous to equ. iii) for a 2 ML Fe film I3 from the hyperfine field is considerably larger than from t h e magnetization (9 . low5 K-3/2 compared t o 3.7 .
The last observation is in contrast t o t h e result of a previous study 1171 on somewhat thicker films (4 ML) t h a t t h e relative temperature dependence of the hyperfine field, Uer(T'), in each individual atomic layer is the same as the one of the magnetization, Ms(T). This discrepancy to the behaviour of the thinner film can be explained by t h e different topography of the two classes o f films: the 4 ML film is continuous over large distances while the 2 ML film contains many holes and islands. Consequently, t h e thinner film has much stronger tliermal spin fluctuations causing superparamagnetic relaxation as seen from the room temperature Mossbauer spectra. These fluctuations are reduced by t h e applied field during t h e magnetization measurement in contrast to the Mossbauer measurement which is carried out in zero applied field. This phenomenon which does not affect the ground state moments discussed in the previous section is actually studied in more detail both experimentally and theoretically.
K-3/2).

Conclrision
We have found that some fundamental properties of ultrathin ferromagnetic filmsmagnetic interface anisotropy, ground state magnetic moments and thermal spin excitations -are clearly affected by the structure of the films or multilayers. The structure in turn is determined by t h e preparation conditions and the resulting growth mode o f the films. In the case of Fe films on Au it could be shown by Mossbauer spectroscopy that the interdiffusion is very small (equivalent to < .1 ML Fe per interface). For a growth rate of M 1 A/min only in a narrow temperature interval around 300 K the growth of Fe on atomically smooth Au(ll1) surfaces proceeds essentially in a 2-dimensional mode leading to flat and continuous i i l m patches large enough t o stabilize a ferromagnetic order even a t submonolayer coverage. This explains why the observed effective magnetic anisotropy is independent of thickness below 1.5-2 ML, and the average magnetic ground state moment per atom remains constant in submonolayer films (.5ML< 1~~ 5 1 ML) within the experimental error of M f5%.
Deviations from the appropriate growth conditions lead to a more 3-dimensional growth and, consequently, t o a reduced apparent interface anisotropy, to enhanced thermal spin excitations and t o reduced ground state moments due t o the adopted determination of the spontaneous moment by extrapolation to zero field. For small values of the nominal thickness such films consist of small separated islands; they show superparamagnetic fluctuations which are connected with a quasi-linear temperature dependence of the magnetization at low temperature.
